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COOIJNG FROM STATIONARY I N ~ C T I O H   O R E I C E S  

By John C. F'reche and Roy A. M c K f n n o n  

SUMMARY 

As asother phase of an investigation of external  water-spray  cool- 
ing of  turbine  rotor  blades, a %u2bojet engine  with a centrifugal-rmw 
conpressor which permitted overspeed, overtemperature  operation was mod- 
ified f o r  spray cooling. A stationary  water-injection  configuration 7- 

u w u c h  consisted of t w o  large (0.200-in. dim. ) and two small (0.052-in. 
1 diam.) stationary  orifices  located in the  Inner  ring of the  stator dia- 

N 

phragm near the  stator  blade  trailing edges was used. The effective- 
ness of spray  cooling as a method which permits  operation at overspeed, 
overtemperature  conditions  with th i s  engine was investigated and the 
overspeed,  overtemperature performance was obtained. 

Operatun  with  spray  cooling was conducted over a range of speeds 
from rated (ll,750 rpm) t o  approximately 107 percent  rated and turbine 
inlet-gas temperatures up t o  2000' F. A% approximately 107 percent  rated 
S p d j  1940' F inlet-gas  tarperatwe, and a coolant-to-gas flow r a t i o  of 
0.029  (9070 l b  of coolant/hr),  both  the  blade mot and midspan were 89- 
parently cooled satisfactorily.  The average  blade r o o t  tenperakre was 
about 200' F with a maxim temperature  dif'ference of 100° F existing 
between the blade leading asd t r a i l i ng  edges. The average midspan tern- 
perature WBB approximstely 600° F, and the maximum temperature  difference 
between the leading and t r a i l i ng  edges was about $00' F. Substantial 
chordwise temgerature  differences,  approximately 1000° F, occurred a t  
the  blade  tip, between the midchord and t he   t r a i l l ng  edge. Several  rotor 
blade fai lures  occurred neez t h e   t i p  which could  be  attributed t o  thermal 
stresses inducedby  these  temperature  differences. The fai lures  indi- 
cated  the need f o r  more uniform cooling a t   t h e  blade  tip,  although  the 
injection  configuration employed may be satisfactory  for  limited  appli- 
cation and appears promising for  blades of shorter span. 
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Substantial  thrust  increases over the rated thrust  condltion were . 
realized. At 107 percent rated speed and 2000° P inlet-gaa  temperature, 
the engine thrust obtained w a ~  20 percent above rated. At the same op- 
erating  point  the  specific  f'uel consumption was 21 percenk above rated. 
Introduction of w a t e r  into  the gas stream at   the  turbine  rotor   inlet  up 
t o  a coolant-to-gas flow r a t io  of 0.029 and overspeed, overtemperature 
operation  apparently  did not adversely affect turbine performance for  
t h i s  engine. . . . .  . 

INTRoaTcTIoN 

Water-spray cooling of turbine ro to r  blades is  being investigated 
a t   t he  NACA Levis laboratory a8 a means of externally cooling  the  blade 
surfaces t o  permit turbine operakim at eleva€ed stress and temperature 
levels i n  order t o  provide  increases in   th rus t  f o r  brief  intervals. In 
the  spray  cooling  process, a liquid is injected i n t o  the hot gas stream 
upstream of  the  turbine r o t o r  and the llcpid  droplets  me  transferred. by 
the  gas stream onto the ro tor  blade surfaces where boiling occurs. The 
process  thus  utilizes  the latent heat of vagorization of the liquid to 
cool the blades. 8 

Several  factors must be taken into consideration before spray cool- 
, 

ing m y  be  applied t o  an aircraft-  *bine engine installation. mese- 
are : ." 

c .  

1. If spray cooling is t o  be of d u e ,  the turbine must be  operated 
a t  gas temperatures and speeds above rated so that thrust increases may 
be  realized  (ref. I). 

2. Turbine operation over a range of gas  temperatures above rated 
a t  a specific overspeed point  reqgires a eubetastial  operating margin 
between the coznpreseor op ra t ingpo in t  and the compressor surge  region, 
a design  .factor which determines whether a particulez engine  should be 
considered f o r  a spray cooling applfcation. 

.. 

3. Turblne operation a t  speeds above design also requires that the 
turbine disk and compressor can safely  withstand  the  elevated stress 
levels. 

4. Since the  coolant is expended i n  the gas stream,-spray cooling 
is rest r ic ted t o  periods of short duration,  such-as  take-off, climb, or 
combat  maguever. 

5. The ro tor  blade material must be  able t o  withstand  thermal shock .r 

and stresses induced by t he  sudden  impingement of water  sprays upon 
heated ro tor  blade  surfaces. . - - .. 
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- An analytical and experimental  investigation of water-spray  cooling 
w a s  made in reference 1. The Etnalytical rehlts indicated  large poten- 
tial gains i n  thrust if water-spray  cooling  could  adequately  cool the 
turbine r o t o r  bladea so that turbine  operation at speeds up t o  10 per- 
cent overspeed and at i a e t - g a s  temperatures up t o  2000' F c d d  be   to l -  
erated. The analysis also  .indicated that If coqressor water injection 
is employed at similar overspeed, overtemperature  conditions  together 
trfth  spray  cooling, still greater thrust increases would be possible, 
but  the t o t a l  l iquid consumption  would be  cansider&ly  higher. The ex- 

ployed f o r  spray  cooling produced lmge blade chordwise temperature dif-  
ferences, which may have been the cause of  blade failures encountered a t  
rated engine speed. 

c\) cn perimental results shoved that the  water-injection  configurations em- 

In reference 2 the  resul ts  of  an  ex-pesimental investigation of 
water-spray  cooling at rated engine speed are compared f o r  several w a t e r  

dlstributions observed in  the  investigation of reference 1. Large chord- 
wise temperature  differences w e r e  eliminated at the  root and rnidspn 

AI injection  configurations designed t o  improve the ro to r  blade  temperature 

7 blade sections  ufth  the  use of the most favorable type of injection con- 
N figuration described in  reference 2. Use of this  injection configura- 

3 
u 

t ion  resul ted i n  a chordwise temperatwe m f e r e n c e  of 100' F between 
* the blade  leading and t r a i l i ng  edges at the midspan and i n  an average 

blade midspan temperature of about S O o  F a t   ra ted  engine  speed (U.,500 
r p m ) ,  a turbine  inlet-gas  temperature of  about 1570° F, and a coolant- 
to-gas flow ratio of 0.0278 (7600 lb water/&). The investigation of 
reference 2 was r e s t r i c t ed   t o  rated engine  speed  operation  because of 
the mechanical strength  limitations of the compressor. 

An investigation was conducted with a later model engine which had 

i l l u s t r a t e  experimentally  the  turbine stress and gas  temperature leve ls  
permissible  with  water-epray  cooling. T h e  c d n e  was  modified for spray 
cooling u t i l i z ing   the  most favorable  type of injection  configuration de- 
scribed  in  reference 2, and the  result& of this  investigation are pre- 
sented  herein. The engine was operated over a range of speeds from rated 
(ll,750 rpm) t o  107 percent of rated and a range of turbine  inlet-gas 
temperatures from 1566O t o  2000' F with an approximately constmt  coolant- 
to-gas flow r a t i o  of 0.029. A t  approximately rated engine  conditions  the 
coolant-to-gas f low r a t i o  was var ied  from 0.015 t o  0.031. Cooling-system, 
turbine, and engine performance w e r e  obtained over the range of engine 
operating  conditions  specified. 

compressor that permitted overspeed, overtemperature  operation t o  

A centrifugal-flow  turbojet engine was modified f o r  operation  with 
n 

external water-spray  cooling. The test instal la t ion waa  similar t o   t h a t  
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described i n  reference 2 except t h a t   a . l a t e r  model engine w a s  eqployed 
and additional  instrumentation was used t o  permit  evaluation of-turbrtne 
performance . 

Apparatus 

Engine. - The engine had a  double-entry  centrifugal-flow compressor, 
14 cylindrical combustion  chambers,  and a single-stage  turbine. The cum- 
pressor i n  .this engine was sufficiently  strong t o  permit  overspeed  oper- 
ation. The compressor .air flow dmracterist ics were such that a suffi- 
cient margin existed between the engine operating  line and the surge 
region t o  permit  a  range of overteqerature  operating  points  at-each 
overspeed condition: The turbine r o t o r  blades  wve made of S-816 alloy 
and had a nominal span of 4.25 inches. The nominal military rating of-" 
the engine w a s  4600 pounds of thrust with a rotor speed of 11,750 rpm 
and a tail-pipe gas t w e r a t u r e  of 1265O. F. at sea-level, zero-ram 
conditions. 

Engine installatLon. - The engine installation is i l lus t ra ted  in 
figure 1. A swinging frame engine mount suspended from the   t e s t   ce l l  
ceiling was provided. The engine tail pipe extended  thruugh a dfaphragm- 
type  seal   in the wall between t h e   t e s t   c e l l  and the sound-muffling cham- 
ber. A null-type  air-pressure diaphragm - provided t o  balance and 
measure engine thrust. Engine inlet air w a s  ducted from the atmosphere 
m t o  the   t es t  c e l l  through two 18-inch-diameter venturi  meters. A 
clamshell-type vwiable-area exhaust nozzle was used to  permit  adjustment 
of tai l-pipe temperature independent of e_ne;&-e -s;eeed. , "  (=ooling a i r  from 
an external source was directed  against  the hub on the rear face of t& 
turbine ro to r  i n  .order t o .  maintain the blade thermocouple- junction t e m -  
perature below the melting  point of the insulation employed, a8 inafcated 
in  reference 2. Cooling a i r  w a s  also directed against the  front  face of 
the  rotor t o  help reduce the main turbine  bearing  temperature. A s l ip-  
ring thermocouple pickup w a s  mounted on the @ne accessory case t o  pro- 
vide transit ion from the  rotating thermocouples t o  the stationary poten- 
tiometer. The cooling-air-flow measurements  were obtained by means of a 
standard f la t   -plate  orif ice. . .. . .. . 

.- -I 1- . - -  . ." 

Water-spray i d e c t i o n  method. - The engine was modified t o  provide 
m. injection  configuration  consisting of two large (0.200-in. diam. ) and 
4x0 small (0.052-in. dim. ) orifices  located in the -inner r ing of the 
stator diaphragm. Figure 2 shows a cutaway. v i e w  o f  the engm which il- 
lustrates  the  relative axial position of the injection orifice8 which . '  

are located near the s t a t o r  blade  trailing edges. The or i f ices  were 
spaced equally around the s t a t o r  ring circumference with orifices of 
equal diameter located  diametrically  opposite  each.other. Although the 
most favorable  type of i a e c t i o n  configuration  described i n  reference 2 

. 
il 

. -, . .  

.I 

I 
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w a s  employed i n  this investigation,  different orifice sfzes w e r e  used 
i n  order t o  achieve  the high coolast-flow rates desird. City water was 
again enrployed ks the spray-cooling medium, and the  wa*r supply system 
w a s  the same as that described in reference 1. 

- 

Instrumentation 

Water coolant and engine fue l  qeasurements. - Water-flow and engine 
fuel-flow rates were measured by  calibrated  rotameters. 

Engine temperature and pressure measurements. - Figure 3 shows the 
location of the engine  instrumentation  stations. The  nuniber asd type of 
instruments eqployed at each sBation are  as folluws: 

(a) Station 0 - engine inlet: one s t a t i c   t ap  and one thermocouple 
in  quiescent zone of test c e l l  

(b) Station 1 - compressor inlet: 12  shielded thermocouples fas- 
tened t o  compressor W e t  screens; six thermocouples w e r e  spaced 
approximately  equally around the  front  screen and s i x  mound the 
back screen 

(c) Station 2 - compressor outlet:  three corfbination total-pressure 
and total-temperature  probes  located upstream of combustion cham- 

. bers 4, 9, and 13 

(a) Station 3 - turbine m e t :  three conibination t o t a l - p r e s m e  
and total-temgerature probes located in the transition  sections 
between combustion chaaibers 4, 9, and 13 and the   s ta tor  diaphragm 

(e)  Station 4 - turbine ro to r  blades: 22 thermocouples on eight 
ro to r  blades  located  in 17 positions as shown in   f i gu re  4. mer- 
mocouples at the  root and t ip   sect ions were located 5/8 inch from 
the base and t i p  sections,  respectively 

(f)  Station 5 - turbine  exit: eight s t a t i c  taps, four on the outer 
and four on the  inner  shell of the tail cone located t o  form a 
helix and nominally  spaced 1 inch  apart  both  axially and circum- 
f erent ia l ly  

(g) Station 6 - t a i l  pipe:  a combination total-pressure,  static- 
pressure, and thermocouple rake providing 22 t o t a l  pressures, 10 
t o t a l  temperatures, and 5 static  pressures 

(h)  Station 7 - exhaust-nozzle  dischmge: three statfc-pressure 
tubes  installed  in  the sound-muffling chader  in  the  plane of the 
exhaust  nozzle 



6 

Engine Operation 

NACA RM E54G30 

The c o q l e t e  range of engine  operating  conditions  reported i n  t h i n  
investigation is presented in kable I. The engine was operated  xithout 
cooling over a range of speedp and inlet-gas temperaturea  up t o  rated at 
a constant  exhaust-nozzle setting which provided the mili tary  rated tail- 
pipe-gas t q e r a t u r e  of 1265' F. The engine was also operated a t   ra te4  
speed over 8 range of coolmt flow8 and a t  overspeed with a cm8tan-b 
coolant-to-gas flow ratio. A t  each overspeed point the exhaust nozzle 
xaa progressively closed from the wide open position until campressor 
surge was encuuntered. Thus a range of turbine inlet-gas temgeratures 
was obtained at each speed s e t t b g .  Msnual adJustment8 of  the water 
supply  pressure  provided  the variations i n  coolant flow necessary t o  
maintain 811 amroximately  constant  coolant-to-gas fiow r a t i o  of 0.029. 
As in  the  investigations  described i n  references 1 and 2, w a t e r  sprays 
were turned on simultaneously with the engine starts t o  minimize thermal 
shock conditions i n  the  blades. . .  . " 

. 
Data Calculations 

" 

The calculation procedure f o r  reducing the data obtained i n  this in- 
vestigation t o  provide  epray-cooling-process - efficiency,  turbine  rotor 
blade stress level, and turbine and engine performance i s  as follows. 

Spray-cooling efficiency. - The spray-cooling-process efficiency 
derived i n  reference 1 i s  q r e s s e d  a8 

(All synibols are  defined in  the appendix.)  Equation (1) w a s  evaluated 
for every operating  point w i t h  spray  cooling for  which sufficient blade 
temperabe  data were available. In  equation (1) the average blade tem- 
perature, TB, av, UBS. taken  as  the  integrated average of the blade mfdspan 
temperatures, The blade root  temperatures were not  included  became of 
thermocouple fa i lures   a t   the  root  posit ion  after several runs. The ef- 
fective gas  temperature, Tg, e (average  uncooled blade temperature), was 
calculated from turbine inlet conditions by the procedure of reference 
3 which ut i l izes   the  re la t ion c 

. .  
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where A is taken as 0.86. 

Blade stress  level  calculations. - A procedure w a s  employed that 
provided f o r  comparison of the  blade  operating  stress l e v e l s  at various 
overspeed, overtemperature  conditions wfth the allowable stress values. 
The opersting  blade  stress  level at any overspeed condition was consid- 
ered t o  be the  tensi le  stress at the  blade r o o t  and w a s  determined *om 
the  calculated blade centrifugal load and the  blade r o o t  cross-sectional 
area. The allowable blade stresses under conditions of spray-cooling 
operation were obtained from the average of  measured teqperatwes around 
the  blade root  (available for several rune) and a m v e  of yield strength 
against  temperature f o r  S-816 alloy.  Since it was not safe t o  operate 
the engine a t  overspeed, overtemperature  without  spray  cooling, temper- 

case. Consequently, f o r  any designated  overtemperature,  overspeed con- 
dit ion without  cooling, the value of Tg,, w a s  calculated from equa- 
t ion  (2) and assumed t o  be  equivalent t o  the average  uncooled blade t e m -  
perature as shown i n  reference 3. The allowable stress was then  obtained 
by employing this temperalxre and a curve of 100-hour stress-to-rupture 
data  against  temperature f o r  S-816 dloy.  Stress-to-rupture data rather 
than yield strength data were employed because f o r  the uncooled  over- 
speed, overtemperature  condition, the  calculated  blade temperature alwayE 
exceeded the  highest  temperature (lX)Oo F) f o r  which yield-strength data 
were available. 

. ature data around the blade root  could  not  be measured f o r  the uncooled 

- 

Turbine performance. - Ths turbine performance was expressed i n  
terms of corrected  specific  turbine work and turbine  efficiency. !Pur- 
bine work was assumed equal t o  compressor work. Consequently, t he  cor- 
rected  specific  turbine work could be eqressed  as  

In equation (3) the  enthalpies st the compressor inlet and outlet  were 
obtained from chart I of reference 4 and the temperatures, from an aver- 
age of the thermocouples a t   s t a t ions  1 and 2 (fig. 3). The weight flow 
at the compressor inlet wl. w a s  obtained by the addi t ion of the measure 

a i r  flow through the  tes t   ce l l   ventur i  meters and the test c e l l  leakage 
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as determined from a prior  calibration. Weight flow at the turbine in- 
le t  w3 was taken as the sum of the compressor a i r  flow and the fuel 
flow and w a s  expressed as - 

- .I 

w3 = w1 + Wf (4 1 

The turbine-inlet  temperature 1' x88 required t o  obtain 0;. This 

temperature was determined  by solving the following equation for  the 
specific  enthalpy H; at t h e . t F b i n e   i n l e t  - -  - " and.emgloying . . - .. . ". .. chart I1 of : 
reference 4: 

3 
Lo 

.. ." - 

The preceding equation was obtainedby  transforming  ewation (8) of ref- 
erence 4 t o  the nomenclature employed in this report and neglecting  the 
enthalpy of the  entering fuel w A .  In . .  equation (5) the combustion " 

efficiency % was considered t o  be 95 percent, and the  heating  value 
of the  fuel q, 18,750 Btu per pound. 

The turbine adiabatic  efficiency was defined as 

The procedure 

knowledge of 

fo r .  obtaining 

35, the term 

me term %i 
was obtained 

turbine  tptal-pressure  ratio 

% has already been discussed. With a 

% may be determined from equation (3). 

by the  procedme af reYerence 4 using the  
P&/Pi and Ti. The turbine-inlet total 

pressure Pi was taken t o  be the aversge of the  total-pressure probe 
readings at s ta t ion 3 (see  fig. 3). The turbine-outlet  total  pressure 
Pi was calculated Tram continuity and isentropic  relations from the 
static  pressure measured a t  s ta t ion 5 (see fig. 3). A t  this  station  the 
measured s t a t i c  pressures  obtained an the  outer and inner  shells of the 
t a i l  cone  were plotted  against  their  axial  distance downstream of-the 
turbine  blades. The value chosen for  conversion t o  t o t a l  pressure wa8 
taken as the average of . the  inner and outer shell r e d i n g s   a t  the point 
where the pressure  level became constant. The area Ag, employed in  the L 

continuity  relation was the  cross-sectional flow &ea at the  station 
,where the  pressure  level became constant  (station 5.). The to ta l  tempera- 
ture of the gas, corrected  for heat loss t o  the water, Ti,,, was deter- - 
mined from the  following equat-ion and the  charts of references 4 and 5: 
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- w 5 2  - wW cp (Tap - TW) - 0.25 wW Hev , 
w5 

= H' 
5, c 

where 

and Elev and TBp were evaluated at the  static  pressure P5. On the 

basis of previous mer imenta l  experience, 25 percent of the  w a t e r  was 
assumed evaporated. The enthalpy  values for the water and the vapor 
were obtained from reference 5. The injected water was  assumed t o  reduce 
the   to ta l  temperature of t h e  gas at s ta t ion 5, but was not included i n  
the t o t a l  weight flow at   that   s ta t ion.  

Engine performance. - The engine performance was expressed in terms 
of corrected  thrust,  corrected  specific  fuel consumption, and engine 

N telnperature r a t io .  The corrected thrust w a s  calculated from the follow- 
I ing equation: 
N u- 

I I - 1  

where 

The static  pressure  in  the  muffler  (station 7, f ig .  3) rather  than  the 
static  pressure a t  the  tai l-pipe rake (station 6, ffg. 3) was used i n  
determining the  velocity term i n  equation (9) because s ta t ion 6 was up- 
stream of  the exhaust-nozzle exit .  No conditions of supercritical  pres- 
sure ratio were encountered; however, the  muffler  pressure w a s  higher 
than  the  cell  pressure.  Since  the engine was producing this  pressure 
difference, it w a s  credited  with  the added thrust available. The addi- 
t i o n a l  thrust expressed i n  equation form i s  

where equals  the  cross-sectional  area of the  ta i l   p ipe  ( f ig .  3). 
The thrust  increment so  obtained was added t o  tha t  obtained from equa- 
t ion (9) a f te r  applying the  pressure  correction f o r  NACA sea-level 

" standard  conditions. Values of thrust obtained  as  described were com- 
pared w i t h  the measured values obtained from the  null-type  air-pressure 
diaphragm. 

- 
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The  second engine performance p a r w t e r  eqployed, the  corrected 
specific f i e 1  ccaauqption, was defined  as 3600 Wf/Ffi. The engine 
temperature ra t io  w a s  defined as the ratio g f  the Sbaolute t o t a l  gas 
temperature at  the  turbine inlet, determined from eguation (51, t o  the 
absolute t o t a l   a i r  temperature a t   the  compressor i n l e t  (an average of 
the thermocouple-readings at statinn 1, fig. 3). 

IIESLTL'PS AND DISCUS8ION 

Cooling system performme,  turbine performance, and engine perfom- 
ance results  are presented and discussed i n  the foilowing sectione. . . . . .  . 

Cooling System Perfarmance 

Blade temperature distributions. - Chordwise temperature  dietribu- 
tions mound the bla& root ,  midspan, and t ip ,  obtained with an approx- 
imately  constant  coalant-to-gas flow r a t i o  of' 0.029 at  three  turbine 
speeds, 98, 106, and 107 pement af rated speed (turbine  inlet-gas tem- 
peratures of 1623', 18326, afld 1940° F, respectively),  are  presented i n  
figure 5. Broken l ines  .are w e d  t o  connect the temperature data points 
where an intermediately located. thermocouple hkd failed. A t  each span- 
wise station  the chordwise temgerature distributions follar a different 
trend. A v i r tua l ly   f la t  temperature distribution occurs at the raot  
wlth no noticeable  difference in  temperature level f o r  the three speeds. 
A t  107 percent of rated speed the .  average blade  root  temperature 1s 
about ZOOo F with & - m a x i m u m  temperature mfe rence  of lQOo F existing 
between the  blade  leading and t ra i l ing  edges. A t  the midspan the tem- 
perature w v e s  rem,ain r e l a t i v e l y  flat except far a dip  near  the  Leadhg 
edge. An increase i n  temperature level  is  also apparent  with an in- 
crease i n  speed. A t  the  condition of 107 sercent  rated-speed  the average 
midspan temperature.aaa approxirnately 600" F l  and the maximum difference 
between the  leading a& t r a i l f w .  edge teig&+a-es was a%mt 400' F. At 
the  blade t i p  a marked deviation from a flat  curve is appazent with tem- 
perature differences of about.lOOOo F o c c ~ i f l g  between the midchord and 
the  t ra i l ing edge 011 both the blade pressure and suction surfacee. In 
general, a slight  increase  in temperature l e v e l  also occurs with speed 
a t  this spanwise station. The most significant features of  these tem-  
perature dis-txibutinns are  (a)  the  relatively f la t  nature of the curvet3 
a t  the highly stressed root and midspan sections and (b) t he  relatively 
sharp increase in   t eqe ra tu re  between the midchord and trailillg edge at 
the  blade t ip .  Conditton (b) is also indicated in reference 2. 

The necessity fo r  eliminating chordwise temperature differences  at 
the highly stressed root  and midspan sectlons is discussed in   de ta i l  in 
reference 2.. The m e c t i o n  configuration employed i s  apparently  satis- 
factory at overspeed conditions for  the midspan and root  sections, since 
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- no failures occurred at these  locations. The presence of temperature 
differences of the magnitude encountered at the  blade  t ip  was a t  first 
not  considered  significant  since  this  portion of the  blade is  not  highly 

stressed. After approximately 71 hours of operation, however, blade 

fai lures  of the  type shown in figure 6 were encountered. The portion of 
the  blade broken off corresponds t o  the  portion  subjected t o  the  large 
chordwise temperature  differences. The failure appears t o  be  directly 
traceable  to  the thermal  stresses  introduced i n  the  traiung-edge  t ip 

mltted overspeed., overtemperature  operation and eliminated some of the 
high  thermal stresses previously encountered with spray cooling, the 
configuration is  not entirely  satisfactory f o r  the  blades of th fs  engine. 
For blades of shorter span, however, the  injection  configuration employed 
in t h i s  investigation appeazs promising. Since  unfavorable  chorddse 
temperature  differences  occurred at the  blade  tip,  injection from the 
outer ring of the stator diaphragm or  from the tail cone appeared t o  be 
a method  of eliminating  these  differences. Such injection  configurationt 

2 

$? 
m region.  Therefore,  although the  injection  configuration employed per- N 

Id have been investigated and some of them are  described i n  reference 2. 
a3 The results,  however,  were tmsatisfactory in that these  temperature d i f -  0 

A ferences were not substantially reduced. 

It should be noted that the 7 2  hours elapsed  operating t i m e  prior 1 

t o  t h e   f i r s t  blade failure  consisted  in large part of overspeed,  over- 
temperature  operation.  Since an aircraft spray-cooling  application is  
limited t o  brief  intervals, perhaps of 1 minute duration,  the water in- 
Jection  configuration employed may be satisfactory  for  limited  applica- 
tion. The effect  on blade l i f e  of short  periods of spray-cooling  oper- 
ation  with  the  attendant  thermal  stresses  introduced by chordwise 
temperature differences i s  unknown. Consequently, spray  cooling  with 
the  type of' injection  canfiguration  described  herein  should be applied 
with  caution. 

Spray-cooling-efficiency. - The cgoling  efficiency Q of the in- 
jection  configuration employed is  plotted Fn figure 7 against a cooling 

parameter t9 k13i:, 3 for   the  ent i re  engine  operating 
'B, av 

range. The cooling parameter represents  the experimental evaluation of 
the  variables on the  right side of equation (1). The value- of the con- - stant  K i n  equation (1) was determined i n  reference 1 and found t o  be 
1.024X10'6 a t  rated engine speed. Since the terms entering  into  the de- 
termination of K (weight flow, heat-transfer  coefficient,  turbine  inlet- 

d gas  temperature,  and BO Porth) change with engine speed, the  constant 
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would appear t o  have. different values for.ea&.overspeed  considered. 
Unpublished calculations performed for this engine for a speed  range  be- 
low rated indicate that the  constant remained unchanged.  The range cov- 
ered i n  these  calculations  represented a greater fncrement of speed than 
the speed increase above rated.reported  herein. On this basis K w a e  
assumed t o  be constant over the speed range  investigated, and the spray- 
cooling-process effic3,ency was c a l c u l a t e C t a c c . o r d j y .  In figure 7 it 
c m  be  seen that   the  experimentally  evaltiated  cooling parameter extended 
approximately from l.OXIOs t o  3 . 0 ~ ~ 0 ~ .  This  range  included effective 
gas temperatures up t o  1720° F and corrected  engine speeds up t o  107 per- 
cent of rated. This  represents an effective gas temperature  inc-rease of 
approximately ZOOo F over the experimental limit.  previously  attained 
with this general ty-ge.of injection  configuration in reference 2. 

3 
8 

It should  be  noted that the blade temperature and the  coolant flow 
for  a given injection  configuration-are related by the  efficiency 6. 
Since u must be  evaluated  experimentally for any inJection  configura- 
t ion on a  given  engine, the values  presented i n  figure 7 are not  appli- 
cable to   the  design of spray-cooling systems for other enginee. The 
efficiency  values  presented  in figure 7 are, however, indicative of the 
efficiency  level  attainable  with this general  type of injection configu- 
ration- over a wide range  of  operating  conditions  with this engine. 

3lade stress characteristics. - A compazison of the allowable blade 
root stress with spray  cooling (ww/w3 = 0.029) and without  spray cooling 
at var ious  conditions of overtemperature is shown i n  figure 8. Super- 
fmposed are  the  operating  centrifugal stress levels  for 100 and 107 per- 
cent  rated speed, respectively. A t  approximately rated conditions, ef- 
fective gas temperature of 1300° F (inlet-gas temperature of l545O F) , 
the allowable  bladk koot stress i s  41,000 pounds per  square  inch  for un- 
cooled blades, which is w e l l  above the  rated speed operating  stress of 
25,700  pounds per  square  inch. As the  effective gas temperature  in- 
creases from 1300° t o  1720° F, the allowable s t ress  decreases for  the 
uncoaled condition from 41,000 t o  9,000 pounds per  square Inch, which is 
well below the 100 percent  rated speed operating  stress  level. A t  an 
effective gas temperature of  1720° F, which is equivalent t o  a turbine 
inlet-gas temperature of 200O0 F, the allowable blade rogt stress with 
spray cooling is 59,500 pounds per  egume inch, w e l l  above the  operating 
strese  level  indicated f o r  both 100 and 107 percent  rated speed. This 
figure graphically  illustrates that uncooled operation at gas tempera- 
ture levels more than 150' F above rated i s  impossible  with the engine 
under investigation on the basis of 100 hour stress-to-rupture data for 
the blade material. In  general,  production Jet  engines are similazly 
designed so as t o  operate  near the allowable stress limit of the  blade 
material. Consequently, to  obtain  thrust  increases by overspeed, over- 
temperature  operation, a method,  whereby appreciable  increases Fn the 
allowable stress limit of the blade materfal at elevated temperatures 
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can be realized, is  required. Spray cooling  achieves th i s  a i m  i n  par t  
by drastically reducing the average blade temperature. Although the 
average blade  temperature i s  reduced, failure-inducing  thermal  stresses 
are s l s o  introduced by spray  cooling which are not re f lec ted   in  a s t ress  
determination such as shown in  figure 8. 

Turbine Performance 

It should  be  noted that even th- this engine was instrumented t o  
obtain  turbine performance data it w a s  not primwily operated i n   t h a t  
manner. As stated previously,  the  engine vas operated a t  a series of 
corrected  engine speeds with variable exhaust-nozzle areas t o  obtain 
thrust  data. As a result, none of the  conventional  turbine performance 
parameters (turbine  efficiency,  corrected  specific work, corrected  t ip 
speed, and pressure r a t i o )  w a s  held  constant. Consequently, the resul ts  
could  not be produced in  the form of a turbine performance map. However, 
these parameters were evaluated f r o m  the data, and two of them, turbine 
adiabatic  efficiency and corrected  specific work, are l i s t e d   i n  table I. 
Thus the magnitude of  these parameters and the  variation encountered at 
a l l  conditions of spray-cooled  operation are indicated. In order t o  
provide a comparison with uncooled turbine performance a t   r a t ed  operat- 
ing  conditions,  the uncooled turbine efficiency and corrected  specific 
turbine work at approximately rated conditions w e r e  calculated and axe 
listed in   t ab le  I. The adiabatic  efficiency f o r  uncooled rated condi- 
tions was determined using  the gas measurements at the  tail-pipe  rake 
(station 6, f ig.  3) because no instrumentation was a v a i l & l e  immediately 
downstream of the  turbine  (station 5, f ig.  3) during  the  uncooled runs. 
This procedure  probably r e su l t s   i n  a sl ight ly  lower efficiency value 
than one obtainable  using  pressures Immediately downstream of the tur- 
bine because whatever Gressure losses exist in  t h e . t a i l  cone are charged 
t o  the  turbine. fIowever, the  efficiency  value  obtained (0.782) is of 89 
order of magnitude similar t o  t h a t  shown i n  unpublished data f o r  ear l ie r  
models of this engine a d  ap-gears va l id  f o r  qualitative cmpxison with 
the  efficiencies  obtained a t  overspeed, overtemperature  condLtions. The 
specific  turbine work at rated uncooled conditions was determined i n   t h e  
same manner as   the overspeed, overtemperature  cooled data because tal- 
culation of the  corrected  specific  turbine work w a s  not affected by lack 
of knowledge of the gas  conditions immediately downstream of the  turbine. 
The turbine  efficiencies  obtained at a l l  conditions of overspeed, over- 
temperature  operation  wtth  spray  coollng ranged from  0.757 t o  0.793, as 
shown i n  table I. Comgarison of these values with the uncooled effi- 
ciency (0.782) indicates that f o r  this engine no drastic loss in  turbine 
adiabatic  efficiency is  experienced as a result of t he  combination of 
water inject ion  a t   the   rotor  inlet and overspeed operation. It is also 
apparent tha t  the  specific work values  obtained a t  overspeed, over- 
t emperabe  with  spray  cooling are of the same order of magnitude as the 
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value  obtained at the uncooled rated condition.  For.thLs  engine the 
results  indicate  that the combination of  water injection into the gas 
stream a t  the rotor inlet and overspeed, overtemperature  operatLon does 
not adversely affect  turbine performance. 

Engine Performance 

Uncooled engine performance. - The uncaoled -ne performance over 
a range of corrected  engine speeds from idle t o  approximately rated is 
sham in figure 9. Figure S(a) shows the  variation of engine tbrust 
with speed, and figure 9-(b) shows the  variation of specific fuel cm-  
sumption with  engine speed. The experimental results obtained in  the 
present  investigation are compared with  the militaxy rated values. 
Slightly  higher  than  military  rated values were obtained and the differ- 
ences were less  than 5 percent for both thrust and specific  fuel consump- 
tion. The close agreement fndicates  that the investigation procedure is 
satisfactory and experimentally  establishes base conditions  for compw- 
ison with overspeed, overtemperature results. 

. 

The values of thrust shown in  the figures of this report were all 
calculated from data measurements by the methods discussed  previously. 
In  all cases prior comparison was made between these d u e s  and those 
measured with  the-null-type  air-pressure diaphragm. Agreement wa6  good 
i n   a l l  instances,  the  average  variation  being  approxhately 5 percent. 

Cooled engine performance. - T h e  engine performance with cooUng is 
i l lus t ra ted   in  figures 10 and U. The corrected  engine thrust obtained 
at overspeed, overtemperature  conditions w i t h  a constant  coolant-to-gas 
flow r a t i o  of 0.029 is plotted  against engine tempratwe r a t i o  i n  f ig-  
ure 10. Individual curves me pmsented for four .cnrrected  engine speed 
conditians, 101, 103, 106, and 107 percent af rated. The dotted  l ine 
indicates  the approximate condition of compressor surge w h i c h  l imi t s , the  
maximum gas  temperature attainable a t  each ov&speed condition  with this 
engine.  ind-lcated by analysis  (ref. l), gains i n  thrust result from 
higher m a s  flows and increases in gas  temperature. The maximum t,Qust. 
increase above rated was 20 percent and was obtained at 107 percent of  - -  

rated speed  with aa engine  temperature r a t i o  of 4.72. The latter value 
is equivalent t o  a turbine inlet-gas temperature of W O O  P with a 
compressorlinlet  temperature of 60° E. This relatively  substantial  gain 
over the  rated  condition was obtained a t  a cust of  approximately 18 gal- 
lons  per minute of coalant. . - . . . - . . . .. . " . . - .. . . . . .. - . . .  . .  . .. . . . . " 

- 

. .  

- .. 

. .  . - 

The 20 percent thrust increase obtained experimentally compares with 
an lncrease of 32 percent  predicted  for a similar -engine in the  analysi6 
of reference 1. T h i s  differpnce may be explained  by the assumptions con- 
tained in. rtheanalysis. A basic  limitation of the analytical procedure 
was the uae of an iderrlized compressor performance map for  calculating . 

. .  

" 
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- thrust  at overspeed, overtemperature  conditions. In  the  present case, 
portions of the compressor map were constructed from ex-perimental data 
obtained a t  engine overspeed, overtemperature  conditions. When the 
analytical procedure of reference 1 and the  experimentally determined 
portions  of  the compressor map were  employed, calculations of thrust 
increase  attainable  with this engine were found t o  agree within 2 per- 
cent of the  experimental  values. 

E co The corrected  specific  fuel conmmgtion f o r  each  overspeed condition i s  
The cost   in  terms of  fuel  requirements is i l lus t ra ted   in   f igure  11. 

plotted  against engine  temperature ratio.  A t  the maximum operating con- 
dit ion considered the  increase in  corrected  specific fuel consumption 
w a s  21  percent above the  rated value. The shapes of the curves are such 
that the lowest value of  corrected  specific fuel consumption does not 
occur at the maximum engine  temperature ratio.  Reference t o  figure 10 
indicates  that in some cases very nwaly maximum thrust  may be obtained 
at a given  overspeed condition  by,operation at less than  the maximum 
engine  temperature r a t i o .  It may be advantageous in  certain  instances 
t o  operate  with  slightly lower thrust   in  order t o  reduce specif ic   fuel  
consumption. The data are  insufficient t o  establish  the optimum thrust  
and specific  fuel consumption relations at various overspeed conditions 
f o r  this engine. The trends of the curves serve t o  indicate, however, 

- that it would be advantageous t o  determine such re lat ions i n  any spray- 
cooling  engine  application  intended t o  permit overspeed, overtemperature 
operation. 

ul 

The overspeed, overtemperature performance investigation was l i m -  
ited t o  operation  with  spray  cooling  only. A phase of operation  with a 
codination of compressor water injection and spray  cooling was i n i t i -  
ated, but a s ta tor  blade burnout  occurred  early i n  the test. In view of 
this and the adverse chordwise temperature differences encountered on 
the r o t o r  blades at the  tip,  further  operation was deferred pendlng con- 
tinued  investigation of methods t o  eliminate  the  rotor  blade temperature 
differences. 

The following  results were obtained f r o m  an Fnvestigation of  water- 
spray  cooling of  turbine ro to r  blades in a turbo j e t  engine with a 
centrifugal-flow compressor which permitted  engine  operation a t  speeds 
and gas  temperatures above rated: 

. 1. A t  all overspeed, overtemperature  conditions the  blade root  and 
midspan were apparently  cooled sat isfactor i ly  with an injection  config- 
uration  consisting of two Urge (0.200-in. diam. ) asd two smal l  (0.052- in. diam.) stationary  orifices  located  in  the inner ring of the stator 
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diaphragm at-xrcoulank-to-gas flow r a t i o  of 0.029. -Substantial chord- 
wise temperature  differences, up t o  1000° F, occurred at the blade t i p  
between the midchord  and the  -traLling edge with this ConfYguration a t  
the mme operating  conditions. 

2. After 7~ h m s  of operation  several ro tor  blade  failures oc- l 

curred  new  the  tip which could be attributed. t o  the& stresses in- 
duced by large chordwise temperature  differences. These fai lures  indi- 
cated  the need f o r  providing more uniform cooling at  the  blade  tip, 
althazgh  the  injection  configuration employed may be  satisfactory f o r  
limited application. and appears promising for blades of shorter span. 

3. Substantial  increases over the rated thrust  condition w e r e  real- 
ized with overspeed, overtemperature  operation. At-107 percent  ra€ed 
speed the engine thrus-kobtained was 20 percent above rated, and a  cor- 
responding increase i n  corrected  specific  fuel consumption of 2 1  percent 
w a ~  noted. . " 

" " "" 

4. The combination of the introduction of water into the gas  stream 
at the  turbine  rator inlet up t o  a  coolant-to-gas flow r a t io  of' 0.029 - 
and overspeed, overtemperature  operation  apparently did not adversely 
affect  turbine performance f o r  this engine. 

. .  

. .  - 

Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeyonautics 

Cleveland, Ohio, August 3, 1954 
.. . 
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APPENDIX - SYMBOLS 

The  following syuibols were used in this  report: 

A area, sq ft 

cp specific  heat  at  constant  pressure, Btu/(l%)(%) 

Y. 
ul g gravitational  constant, 32.2 ft/sec2 

F thrust, lb 
N 

H specific  enthalpy,  Btu/lb 

Hf average heating value of fuel, 18,750 Btu/lb 
- 

J mechanical  equivalent  of  heat, 778.2 ft-lb/Btu 

K constant,  (lb/sec)o'25/oR1*225 f? 
fi 
V p pressure,  lb/sq ft 
- 

R gas  constant, 53.3 ~ ~ - L ~ / ( x I I )  (OR) 

T temperature, OR or OF 

V absolute  velocity,  fi/sec 

w velocity rehtive to  rotor,  ft/sec 

w weight flow, Ib/sec 

y ratio  of  specific heat at  constant  pressure to specific  heat  at 
constant  volume 

6 pressure-correction  ratio, P*/PL 

rlT 
turbine  adiabatic  efficiency 

% combustion  efficiency 

- 
e* temperature-correctfon  ratio, 

- 



a spray-cooling-process efflciency 

Subscripts : 

a 

av 

B 

BP 

C 

e 

ev 

f 

Q 

i 

S 

w 

0 -7 

cooling a b  

average 

blade 

boiling  point 

corrected. for heat lass ta the water - 

effective 

evaporation 

fuel  

gas 

ideal 

NACA sea-level  standard  conditions 

w a t e r  . . . .  . . . . .  

engine stations 

. . .  

. . .  

I .. 1 1 1 -  - 

." 
, ~ .  

.. NACA RM E54G30 

.I - 
. I .  

Superscripts: 

indicates   total  o r  stagnation conditions absolute 

" indicates  total  conditions relative t o  rotor 

.... 
. L. 

.... 
.. - 
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Corrected 
engine 
speed, 

N - 
+F 

11565 
1107 5 
10435 
9833 
8853 
6932 
4944 

11539 
11510 
11556 
11553 

11834 
11835 
1184s 
11856 

12170 
12080 - 

12125 

12451 
12356 
12429 

12659 
12586 

TABIJC I. - RANGE OF OPERATING CONDITIONS 

Turbine-inlet- 
temperature, 

OF 

1545 
1356 
1295 
1185 
1109 
977 
955 

-1623 
. 1625 

1618 
1'595 

15% 
1664 
1691 . . . 
1746 

1697 
17 55 
1815 

1832 
1910 
1940 

1940 
2000 

Coolant-to-gas 
flow ra t io ,  

wW 

w3 

. . - -. . . 

- 

0 
0 
0 
0 
0 
0 
0 

.0291 

.03U 

.0201 

. o s 0  

-0297 
.0298 
.0295 
.om1 
.0291 
.0297 
.0292 

.0287 

.0297 

.0285 

,0284 
.0296 

0.782 ""- 
""- 
"-" 
"-" ""- ""_ 

.794 

.786 

.804 

.797 

.778 

.790 

.792 

.793 

,757 
.786 
.781 

,767 
.772 
.770 

.760 

.775 

Corrected 
specific 
turbine 
work, 

22.86 -"" -"" ""- ""_ ""- ""_ 
22.23 
22.06 
22.45 
22.33 

23.85 
23.m 
22.70 
22.31 

23.74 
23.15 
22.74 

23.82 
22.84 
22.89 

23.49 
22.75 
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Figure 4. - Thermocouple positions on turbine rotor blades. - 
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Figure 7. - Spray-cooling efficiency of injection  configuration  employed 
as a function of cooling parameter. 
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Effective gas temperature, OF 

Figure 8. - Camparison of allowable blade-root streser with 
and Hthout sprey cooling as determined Fram yield 
strength and 100-hour stress-to-rupture data. 
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(b) Specific fuel consumption. 
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Figure 10. - Engine thrust at overspeed, overtemperature 
conditions xith coolant-to-gas flov ratio of 0.029. 
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Figure U. - Engine corrected specific M1 coneumption at 
overspeed, overtemperature conditions with spray coolant- 
to-gas flow ratio of 0.029. 
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